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COMPARATIVE STUDY OF NANO-ROD AND NANO-SPHERE BASED LOCALIZED
SURFACE PLASMON RESONANCE REFRACTIVE INDEX BIOSENSORS
Abstract
Localized Surface Plasmon Resonance (LSPR) waves generated by the interaction of light with noble metal
nanoparticles has been of great interest in recent years due to the high sensitivity of the extinction spectra
of these nanoparticles to the medium's surrounding refractive index up to the atomic level.
In this article, we simulate the extinction spectra of noble metal sphere and rod nanoparticles in order to
study the effect of the geometrical shape and size of the nanoparticle on the sensitivity and detection
accuracy performance parameters of the extinction spectra. We also simulated the response of the sphere
and rod nanoparticle's extinction spectra to variation in the refractive index of the surrounding medium
quantifying this response into performance parameter measurements. For the same medium refractive
index, our findings suggest that the range of operation of the nanoparticle differs due to a change in its size
and shape. Our findings also suggest that nano-rod based sensors offer substantially higher performance
parameters compared to nano-sphere based sensors estimated by a 237.035% increase of sensitivity
and 5.307% increase of detection accuracy when the medium refractive index increases by 80% from the
reference value.

Keywords
localized surface plasmon resonance, nano-spheres, nano-rods, sensitivity, detection accuracy, extinction
cross section, simulation
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1. INTRODUCTION
The vibrant and intense colors produced by noble metal nanoparticles inspired artists and
intrigued scientists for hundreds of years. Recently and after understanding the extinction spectra of
noble metal nanoparticles, these nanoparticles emerged as promising candidates for remote label-free
real-time nano-sized sensing applications due to their high sensitivity to the medium surrounding
them. These nano-particles can sense with a uniquely high resolution up to the level of one atom
(Unser et al., 2015).
In section 2 of this article: we explain the background theory for localized surface plasmon
wave generation, we model the dielectric function for the Gold metal for a specific wavelength range
and then we explain the extinction cross sections for both nano-spheres and nano-rods and then at the
end of section 2 we formulate two parameters for evaluating the performance of these nanoparticles
as refractive index sensors. In section 3, we simulate the extinction spectra of both nano-rods and
nano-spheres to study the effect of their size and shape on their extinction spectra and to study how
the nanoparticle responds to a change in the medium surrounding it and how effectively it transduces
the change in the refractive index of the medium into a change in the nanoparticle resonance
condition. Finally, in section 4 we state the conclusions of our simulations.

2. BACKGROUND THEORY
The generation of Surface Plasmons (SPs) is an optical phenomena arising from the interaction
of incident light photons with a metal of specific characteristics. When incident light electromagnetic
waves interact with the metal (Fig.1), the electromagnetic waves exhibit a repulsive force pushing the
metal’s free electron cloud away while the metal’s positive core exhibits a restorative force pulling
the free electron cloud back. The repulsive and restorative forces exhibited on the free electron cloud
of the metal produce the collective oscillations known as SPs. In metallic films, SPs are evanescent
waves that travel along the metal-dielectric boundary and decay in the metal as well as in the dielectric
medium. On the other hand, when the metal is a nanoparticle of a size much smaller than the incident
light wavelength, the SPs are bound to the metallic nanoparticle and are thus called localized surface
plasmons. Only metals with a negative real and small positive imaginary dielectric constant can
produce SPs (Unser et al., 2015).

Fig.1: representation of localized surface plasmon waves bound to sphere (Unser et al., 2015)

Published by Digital Commons @ BAU, 2021

1

BAU Journal - Science and Technology, Vol. 2, Iss. 2 [2021], Art. 4

2.1 The Complex Dielectric Function of Metals
2.1.1 Drude model:
Upon excitation of the metal with light photons of angular frequency ω, the complex
dielectric function 𝜀(𝜔) of the free electron gas of the bulk metal is derived from the
Drude Model (Srivastava et al., 2009):

𝜀(𝜔) = 𝜀1 (𝜔) + 𝑖 𝜀2 (𝜔)

(1)

Where 𝜀1 (𝜔) is the real part of the complex dielectric function expressed as:
𝜀1 (𝜔) = 1 −

𝜔𝑝2 𝜏 2
1 + 𝜔2𝜏2

(2)

Where 𝜀2 (𝜔) is the imaginary part of the complex dielectric function expressed as:
𝜀2 (𝜔) =

𝜔𝑝2 𝜏
𝜔(1 + 𝜔 2 𝜏 2 )

(3)

The parameters 𝜔𝑝 and τ are the plasma frequency and the relaxation time of the free
electron gas respectively. The plasma frequency 𝜔𝑝 is expressed as:
𝜔𝑝 2 =

𝑛𝑒 𝑞𝑒 2
𝜀0 𝑚𝑒𝑓𝑓

(4)

Where 𝑛𝑒 is the number density of electrons, 𝑞𝑒 is the electric charge, 𝑚𝑒𝑓𝑓 is the effective
mass of the electron, and 𝜀0 is the permittivity of free space.

2.1.2 Reflectivity study:
The value of 𝜀(𝜔) could also be found by using its relationship to the complex refractive
index ñ(𝜔) of the metal at particular incident light photon energy (P. B. Johnson and R.
W. Christy, 1972):
𝜀(𝜔) = ñ2 (𝜔) = (𝑛(𝜔) + 𝑖𝜅(𝜔))2

(5)

Where n is the refractive index of the metal and indicates the phase velocity and 𝜅 is the
extinction coefficient and indicates the amount of attenuation that the wave passing
through the material undergoes.
The values of 𝜀1 (𝜔) and 𝜀2 (𝜔) can then be expressed as:
𝜀1 (𝜔) = (𝑛(𝜔))2 − (𝜅(𝜔))2

(6)
(7)

𝜀2 (𝜔) = 2𝑛(𝜔)𝜅(𝜔)
In (Johnson & Chrsity, 1972), the complex refractive index ñ of the gold metal is
provided for incident light λ that range from 188.21 nm to 1940.92 nm. In our study, we
utilized the experimental findings of (P. B. Johnson and R. W. Christy, 1972) in order to
model the real and imaginary parts of 𝜀(𝜔) of the Gold metal as a function of the incident
light wavelength λ .
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Fig.2: the model of 𝜀1 (𝜔) of the Gold metal dielectric function as a function of the incident light
λ for the range 188.21 nm to 1940.92 nm. The experimental values (blue dots) are taken from (P.
B. Johnson and R. W. Christy, 1972) and our modeled values (dotted red line) are expressed as
the function of the trendline.

Our model of 𝜀1 (𝜆) in the 188.21 nm to 1940.92 nm λ range is represented in Fig.2 as:
𝜀1 (𝜆) = 1.060344(10−16 )𝜆6 − 6.447014(10−13 )𝜆5
+ 1.502966(10−9 )𝜆4 − 1.681324(10−6 )𝜆3

(8)

+ 8.608732(10−4 )𝜆2 – 0.2041738𝜆 + 17.54505
In order to accurately model 𝜀2 (𝜔), we divided the 188.21 nm to 1940.21 nm range into
3 smaller ranges: 188.21 to 382.21 nm, 382.21 to 757.43 nm and 757.43 to 1940.92 nm.

Fig.3: the model of 𝜀2 (𝜔) of the Gold metal as a function of the incident light λ for range 188.21
nm to 382.21 nm. The experimental values (blue dots) are taken from (Johnson & Chrsity, 1972)
and our model (red dotted line) is represented as the trendline.
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Fig.4: the model of 𝜀2 (𝜔) of the Gold metal as a function of the incident light λ for range 382.21
nm to 757.43 nm. The experimental values (blue dots) are taken from (Johnson & Chrsity, 1972)
and our model (red dotted line) is represented as the trendline.

Fig.5: the model of 𝜀2 (𝜔) of the Gold metal as a function of the incident light λ for range 757.43
nm to 1940.92 nm. The experimental values (blue dots) are taken from (Johnson & Chrsity, 1972)
and our model (red dotted line) is represented as the trendline.

Our model of 𝜀2 (𝜔) in the 188.21 nm to 382.21 nm range is represented in Fig.3 as:
𝜀2 (𝜔) = −2.592171(10−12 )𝜆6 + 4.605239(10−9 )𝜆5
− 3.352732(10−6 )𝜆4 + 1.279056(10−3 )𝜆3

(9)

− 0.269557610𝜆2 + 29.77667𝜆 − 1345.521
Our model of 𝜀2 (𝜔) in the 382.21 nm to the 757.43 nm range is represented in Fig.4 :
𝜀2 (𝜔) = 7.406274(10−12 )𝜆5 − 2.349417(10−8 )𝜆4
+ 2.942241(10−5 ) 𝜆3 − 1.809956(10−2 )𝜆2

(10)

+ 5.432624𝜆 − 628.6626
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Our model of 𝜀2 (𝜔) in the 757.43 nm to 1940.92 nm range is represented in Fig.5 :
𝜀2 (𝜔) = 1.218593(10−8 )𝜆3 − 3.226204(10−5 )𝜆2
+ 3.670695(10−2 )𝜆 − 13.52991

(11)

It is important to note that all wavelengths in the Gold metal dielectric function model
should be calculated in the ‘nm’ units.

2.2 The Extinction Cross Section of Metallic Nano-Spheres (Mie’s Theory)
The Mie extinction cross section of a metallic nano-sphere (also called the attenuation
cross section) is the sum of the absorption and scattering cross sections. It is the exact solution
to Maxwell’s electromagnetic field equations for a plane wave interacting with a homogenous
sphere of radius R with the sphere having the same dielectric function 𝜀(𝜔) as bulk metals. When
the diameter of the sphere is much smaller than the wavelength λ of the incident light photons
(𝑅⁄𝜆 < 0.1) then only dipole oscillation contributes to the extinction cross-section calculated as
(Hu et al., 2006)(Petryayeva & Krull, 2011):

3/2

𝐶𝑒𝑥𝑡/𝑠𝑝ℎ𝑒𝑟𝑒 =

24 𝜋 2 𝑅3 𝜀𝑚 𝑁
𝜀2
[
]
λ
((𝜀1 + 𝑋𝜀𝑚 )2 + 𝜀22 )

(12)

Where 𝜀𝑚 is the dielectric constant of the medium surrounding the metallic nano-sphere,
N is the number of particles per unit volume and X accounts for the shape of the particle and it
is equal to 2 for spheres. This cross section equation only applies to well separated spherical
nanoparticles and only when dipole oscillations contribute to the extinction spectrum of the
sphere. Peak extinction occurs at the resonance condition when 𝜀1 = −2𝜀𝑚 .
2.3 The Extinction Cross Section of Metallic Nano-Rods (Gan’s Theory)
The extinction cross section of a metallic nano-rod is estimated by Gan’s theory which is
an extension of Mie’s theory where Gan’s predicted that the surface plasmon resonance band
would split into two modes because of the different orientations of the rod with respect to the
incident light. The two modes are transverse generated by the transverse width B and longitudinal
by the longitudinal length A where A>B and the aspect ratio is 𝑅 = 𝐴⁄𝐵. The extinction cross
section of the nano-rod 𝐶𝑒𝑥𝑡/𝑟𝑜𝑑 is estimated as (Link & El-Sayed, 2005):

𝐶𝑒𝑥𝑡/𝑟𝑜𝑑 =

2𝜋𝑁𝑉
3𝜆

1.5
𝜀𝑚

∑
𝑗

1
( 2 )𝜀22
𝑃𝑗
2
1 − 𝑃𝑗
(𝜀1 + (
)𝜀𝑚 ) + 𝜀22
𝑃𝑗
[
]

(13)

Where N is the number of particles per unit volume, V is the volume of the nano-rod, 𝜀𝑚
is the dielectric constant of the surrounding medium and 𝑃𝑗 is the depolarization factor equal to
𝑃𝐴 for the longitudinal (A) axis and 𝑃𝐵 for the transverse (B) axis.
1 − 𝑒2 1
1+𝑒
𝑃𝐴 =
)) − 1]
[( ln (
𝑒2
2𝑒
1−𝑒
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𝑃𝐵 =

1 − 𝑃𝐴
2

(15)

The variable e is the rod ellipticity and is expressed as:

𝑒 = √1 −

1
𝑅2

(16)

2.4 The Sensitivity and Detection Accuracy Performance Parameters of Extinction
Curves
As shown in the extinction cross section formulas for nano-spheres and nano-rods, a
metallic nanoparticle extinction spectrum is very sensitive to its surrounding medium making it
a good candidate for being a nano-biosensor offering real-time label-free sensing. This sensitivity
to the surrounding medium could be utilized to detect the existence and measure the
concentration of a certain analyte of interest. In order to insure that nanoparticle’s extinction
spectrum only reacts to the analyte of interest, the surface of the nanoparticle is functionalized
by bio-receptors specific to the analyte to be measured (Inci et al., 2013).

Fig.6: A cluster of Gold nano-spheres functionalized by antibodies specific to the analyte of interest such as
HIV in reference (Inci et al., 2013)

The sensitivity 𝑆𝑛 of the extinction spectrum is the measure of the ability of the
nanoparticle to transduce the change in the surrounding medium refractive index ∆√𝜀𝑚 into a
change in the resonance wavelength ∆𝜆𝑟𝑒𝑠 .(Moussilli, El Falou, et al., 2018)

𝑆𝑛 =

∆𝜆𝑟𝑒𝑠
∆√𝜀𝑚

(17)

The detection accuracy DA of the extinction spectrum is the measure of the ability of the
nanoparticle to exactly pinpoint the resonance wavelength. (Moussilli, Falou, et al., 2018)

𝐷𝐴 =

𝜆𝑟𝑒𝑠

𝑝𝑒𝑎𝑘(𝜆𝑟𝑒𝑠 )
∆𝜆50%

(18)

Where 𝑝𝑒𝑎𝑘(𝜆𝑟𝑒𝑠 ) is the value of the extinction spectrum at the resonance wavelength
and ∆𝜆50% is the width of the peak at half height.
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3. SIMULATIONS AND RESULTS
3.1 Simulations for Gold Nano-Rods
3.1.1 Gold nano-rod extinction spectrum for varying aspect ratios
The extinction spectrum of the gold nano-rods is studied for aspect ratios: 𝑅 =
[2.6, 2.9, 3.1, 3.3, 3.6] where the transverse width axis B is fixed at 20 nm while the
longitudinal length axis A is calculated as 𝐴 = 𝑅𝐵. The dielectric constant of the medium
is fixed at 𝜀𝑚 = 4 and the concentration of the nano-rods N is 1015 particles/m3. The
dielectric constant of the gold nano-rods is simulated utilizing our model explained above
in the reflectivity study section (2.1.2).

Fig. 7: Gold nano-rod extinction spectrum for varying aspect ratio at medium dielectric
constant equal to 4

Our findings from Fig. 7 are summarized in Table 1 and only include information
about the longitudinal axis resonance (extinction spectra at the 900 nm to 1200 nm range)
since the transverse axis resonance (extinction spectra at the 450 nm to 600 nm) effects
are comparatively much less profound:
Table 1: the data collected from the extinction spectra of Gold nano-rods for varying aspect ratio
and medium dielectric constant fixed at 4
R

Max (𝐶𝑒𝑥𝑡/𝑟𝑜𝑑 ) (a.u)

𝜆𝑟𝑒𝑠 (nm)

∆𝜆50% (nm)

DA (a.u /nm)

2.6

66.3429

1006

61.9265

1.0713

2.9

83.3439

1009

62.3583

1.3365

3.1

99.4306

1022.2

64.3048

1.5462

3.3

119.4022

1040.5

67.0153

1.7817

3.6

157.3402

1074.3

72.0179

2.1847

From Table 1 we can deduce that when the aspect ratio of the gold nano-rod
increases, the extinction spectra resonance peak increases, the resonance wavelength
experiences a red-shift towards the higher wavelengths and the width at half peak height
broadens. As the aspect ratio increases, the extinction spectra resonance peak increases in
a greater rate than the broadening of the curve so the detection accuracy increases as the
aspect ratio increases.
Published by Digital Commons @ BAU, 2021
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3.1.2 Gold nano-rod extinction spectrum for varying surrounding refractive indexes
The extinction spectra of Gold nano-rods is simulated for fixed aspect ratio at 𝑅 =
3.3 and varying medium dielectric constants: 𝜀𝑚 = [2.5, 3,3.5,4,4.5]. The value of the
transverse width B is 20 nm and the value of the longitudinal length A is 66 nm. The
concentration of the nanoparticles N is taken as 1015 particles/m3.

Fig.8: the extinction spectrum of the nano-rods for varying surrounding medium refractive
index and R= 3.3

Our findings from Fig.8 are summarized in Table 2 and only include information
about the longitudinal axis resonance (extinction spectra at the 800 nm to 1200 nm range)
since the transverse axis resonance (extinction spectra at the 450 nm to 600 nm) effects
are comparatively much less profound:
Table 2: the data collected from the graph of the gold nano-rods for varying surrounding refractive
index at fixed R=3.3
𝜀𝑚

Max (𝐶𝑒𝑥𝑡/𝑟𝑜𝑑 ) (a.u)

𝜆𝑟𝑒𝑠 (nm)

∆𝜆50% (nm)

𝑆𝑛 (nm/SRI)

DA (a.u /nm)

2.5

71.0897

863.62

41.5646

Reference

1.7103

3

87.2983

924.46

50.1695

403.1489

1.7401

3.5

103.4261

983.26

58.6022

412.99

1.7649

4

119.4025

1040.55

67.0151

422.4073

1.7817

4.5

135.2142

1096.41

75.2930

430.9477

1.7958

From Table 2 we can conclude that when the refractive index of the medium
surrounding the nano-rods increases, the extinction resonance peak increases, the
resonance wavelength experiences a red-shift, the extinction peak broadens, the sensitivity
increases and the detection accuracy increases. The detection accuracy increases in this
case since the increase in extinction spectra resonance peak is greater than the increase in
the broadening of the curve.

https://digitalcommons.bau.edu.lb/stjournal/vol2/iss2/4
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3.2 Simulation of Gold Nano-Spheres
3.2.1 Gold nano-spheres extinction spectrum for varying radius
The extinction spectrum of the gold nano-spheres is studied for radii: 𝑅 =
[20, 25,30,35,40] nm, the dielectric constant of the medium is fixed at 𝜀𝑚 = 4 and the
concentration of the nano-spheres N is at 1015 particles/m3. The dielectric constant of the
gold nano-spheres is simulated utilizing our model explained above in the reflectivity
study section (2.1.2).

Table 3: the data collected from the graph of Fig. 9 of the extinction spectrum of the spheres for
varying radii at medium dielectric constant fixed at 4
R (nm)

Max (𝐶𝑒𝑥𝑡/𝑠𝑝ℎ ) (a.u)

𝜆𝑟𝑒𝑠 (nm)

∆𝜆50% (nm)

DA (a.u /nm)

20

17.2439

591.4

54.5368

0.31619

25

33.6795

591.4

54.5368

0.61755

30

58.1981

591.4

54.5368

1.0671

35

92.4165

591.4

54.5368

1.6946

40

137.9511

591.4

54.5368

2.5295

As shown in Table 3 and Fig. 9, when the radius of the Gold nano-sphere increase:
the extinction spectra resonance peak increases, there is no shift in the resonance
wavelength, tightening of the curve is exhibited and there is an increase in the detection
accuracy.

Fig. 9: the extinction spectra of gold nano-spheres for varying radii at fixed surrounding refractive index
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3.2.2 Gold nano-spheres extinction spectrum for varying medium refractive index

Fig.10: the extinction spectra of the Gold nano-sphere for varying medium refractive index at
R=30nm

Table 4: data from the simulation of the extinction spectrum of Gold nano-sphere for varying surrounding
refractive index for R=30 nm
𝜀𝑚

Max (𝐶𝑒𝑥𝑡/𝑠𝑝ℎ ) (a.u)

𝜆𝑟𝑒𝑠 (nm)

∆𝜆50% (nm)

𝑆𝑛 (nm/SRI)

DA (a.u /nm)

2.5

18.0963

538.94

122.0031

Reference

0.14833

3

28.2254

556.74

88.5734

117.9496

0.31867

3.5

41.6575

574.25

68.4183

121.889

0.60886

4

58.1982

591.38

54.5367

125.1966

1.0671

4.5

76.9105

608.01

45.1008

127.8644

1.7053

From Fig.10 and
Table 4 we can see that as the surrounding refractive of the surrounding medium
increases: the extinction resonance peak increases, the resonance wavelength experiences
a red shift, the curve narrows. Also, as the surrounding refractive index increases, the
sensitivity and detection accuracy increase.

3.3 Comparison of Gold Nano-Rods and Nano-Spheres
As can be seen from
Table 4 and Table 2, the resonance wavelengths of the Gold nano-spheres are in the visible
near infra-red range while the resonance wavelengths of the Gold nano-rods are more towards
the infra-red range of the electromagnetic spectrum. This means that the sensing range of the
Gold nano-spheres differs from that of the Gold nano-rods and thus, leads us to conclude that
the operating range of the nanoparticle could be altered by varying its size and shape. It is also
observed that the sensitivity and detection accuracy of Gold nano-rods is substantially higher
than the sensitivity and detection accuracy provided by Gold nano-spheres making Gold nanorods an important candidate for detecting and measuring the concentration of a desired analytes.
Numerically, when the dielectric constant of the medium increased from 2.5 to 4.5, the sensitivity

https://digitalcommons.bau.edu.lb/stjournal/vol2/iss2/4
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of the nano-rod was 237.035% higher compared to the nano-sphere and the detection accuracy
of the nano-rod was 5.307% higher than that of the nano-sphere.

4. CONCLUSIONS
In our work, we explained the general concept of localized surface plasmon waves and
distinguished them from surface plasmon waves. We discussed how to find the dielectric function of
the metal through the Drude model and through reflectivity studies and demonstrated our Gold metal
dielectric function model utilizing the more accurate reflectivity studies. We explained the Mie theory
for nano-sphere extinction cross-section calculation and the Gan’s theory for nano-rod extinction
cross-section calculation. We formulated two parameters: the sensitivity and the detection accuracy
in order to evaluate the efficiency of the nano-sphere and nano-rod nanoparticles as biosensors.
Finally, we simulated the extinction spectra of the nano-rods and nano-spheres to study the effect of
the size and shape of these nanoparticles and their response to the change in the medium surrounding
them. Our findings suggest that nano-rods display significantly higher sensitivity and detection
accuracy when compared to nano-spheres and thus are better candidates for sensing applications.
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